INTRODUCTION
In flowering plants, the male and female gametes are formed separately in the pollen and embryo sac, respectively. When a mature pollen grain lands on the stigmatic tissue, it generates a pollen tube that invades into the stigmatic cells, elongates in the transmitting tract, enters the embryo sac and discharges the two sperm cells into embryo sac to accomplish double fertilization (Higashiyama and Yang, 2017) . The growth of pollen tubes is a polar cell growth event. It elongates from the tip in one direction; hence, this is also called tip growth (Zerzour et al., 2009) . Ensuring normal tip growth of pollen tubes is essential for the accomplishment of double fertilization.
Pollen tube growth is enhanced by in vivo factors (Heslop-Harrison, 1987; Mo et al., 1992; Cheung et al., 1995; Wolters-Arts et al., 1998; Tang et al., 2004; Wengier et al., 2010; Qin et al., 2011) , indicating that the interaction between pollen tubes and female tissue is involved in the process (Zhang and McCormick, 2007) . Several receptorlike protein kinases (RLKs) have been identified as playing important roles in pollen tube growth (Zhang et al., 2008; Chang et al., 2013) . For example, the Arabidopsis POLLEN RECEPTOR-LIKE PROTEIN KINASE 2 (AtPRK2) participates in ROP1 GTPase-based signalling in pollen tube growth (Chang et al., 2013) . ANXUR1 (ANX1) and ANX2, belonging to the Catharanthus roseus RLK1L-like (CrRLK1L) protein kinase subfamily, function redundantly to maintain cell wall integrity of pollen tubes (Boisson-Dernier et al., 2009; Nissen et al., 2016) , indicating that the CrRLK1L proteins play important roles in pollen tube growth. However, little is known about the mechanisms that underlie the interaction between pollen tubes and female tissues to promote pollen tube growth in the pistils.
In this study, we independently characterized two CrRLK1L protein kinase genes that are prolifically expressed in pollen and pollen tubes. Mutations in the two genes show that they are required for normal tip growth of pollen tubes in the Arabidopsis transmitting tract. When this manuscript was reviewed, the two genes were named Buddha's Paper Seal 1 (BUPS1) and BUPS2 by Ge et al. (2017) . Therefore, the mutants used in this study were renamed as bups alleles with the series numbers following the published bups alleles. The bups mutants exhibited a drastic defect of pollen tube tip growth in the transmitting tract, leading to a significant reduction of seed set. The BUPSs could interact with the pollen-expressed RopGEF proteins in the Y2H and BiFC assays. Our results indicate that the Arabidopsis pollen tubeexpressed BUPSs may mediate normal tip growth of the pollen tubes in the transmitting tract.
RESULTS
BUPS1 and BUPS2 are pollen tube-expressed and membrane-localized proteins BUPS1 and BUPS2 were identified by searching the TAIR e-FP database (http://www.arabidopsis.org) for pollen and pollen tube-expressed CrRLK1L genes in Arabidopsis (Figure S1) . The real-time polymerase chain reaction (PCR) assays indicated that BUPS1 and BUPS2 were expressed prolifically in pollen ( Figure 1a ). The promoter activity assay showed that the pBUPS1::GUS and pBUPS2::GUS transgenic plants displayed GUS expression in mature pollen grains and pollen tubes (Figure 1b-i) , seedlings and leaves ( Figure S2 ). The BUPS1-GFP and BUPS2-GFP signals were detected on the membranes in the tip regions of the transgenic Arabidopsis pollen tubes (Figure 2a-h and Movie S1). Furthermore, when transiently expressed in the onion epidermal cells, the BUPS1-GFP and BUPS2-GFP signals were detected at the outer edge of the cells, overlapping with stain signals of the membrane-specific dye FM 4-64 ( Figure S3a ) and the Arabidopsis plasma membrane marker PIP2A fusion protein ( Figure S3b ). These results suggested that BUPS1 and BUPS2 are pollen tubeexpressed and membrane-localized proteins that exhibit polar distribution in the tip regions of pollen tubes.
The bups1 mutants drastically reduced male fertility
The bups mutants were generated using the CRISPR/Cas9 genome editing system (Wang et al., 2015) ( Figure S4 ). Two alleles were selected for each of the BUPS1 and BUPS2 genes and named bups1-6, bups1-7, bups2-6 and bups2-7, respectively ( Figure S5 ). The bups1-6 mutant plants had obviously shorter siliques with lower seed set rates (10.36 AE 0.79%) (Figure 3a) , while the bups2 plants did not exhibit any significant difference in silique development and seed set rates compared to wild-type plants (Figure 3b, c) . Therefore, the mutations in BUPS1 significantly reduced fertility, whereas the mutations in BUPS2 did not affect fertility.
When the bups1-6 and bups1-7 pistils were pollinated with wild-type pollen grains, the resulting siliques had a full seed set. In contrast, when the bups1-6 and bups1-7 pollen grains were pollinated on wild-type pistils, the resulting siliques did not or rarely produced seeds (n = 10-50) ( Figure S6 ). These results indicated that the bups1 mutants caused drastic defects in male gametophytic functions but did not affect female gametophytic functions.
The progeny from self-pollination of the heterozygous bups2-6 (bups2-6/+) plants had 25% (n = 292) homozygous bups2-6 (bups2-6/À) plants, consistent with the typical Mendelian genetic segregation, indicating that the mutations in BUPS2 did not affect the male and female genetic transmission in the bups2 mutants (Table 1) . In contrast, the progeny from self-pollination of the heterozygous bups1-6 (bups1-6/+) plants only had 1 out of 44 (1/44, n = 353) homozygous bups1-6 (bups1-6/À) plants. The progeny from self-pollination of the bups1-6/ +; bups2-6/À double mutant plants had only 1 out of 96 (1/96, n = 192) double homozygous bups (bups1-6/À; bups2-6/À) plants. Furthermore, the progeny from selfpollination of the heterozygous bups1-7 (bups1-7/+) contained only a 1 in 480 (1/480, n = 480) homozygous bups1-7 (bups1-7/À) plants. These results indicated that bups2-6 did not affect male gametophytic transmission but could enhance the phenotype of the bups1-6 mutant in male gametophytic transmission.
The bups pollen tubes exhibited depolarized growth in the pistil
The bups mutants did not significantly affect pollen development, in vitro pollen germination and in vitro growth of pollen tubes ( Figure S7 ). They also did not affect pollen germination on the stigma. To examine the growth patterns of the bups mutant pollen tubes inside the pistils, the bups pollen grains were pollinated to the emasculated wild-type flowers by comparison with wild-type pollen tubes at 4, 8, 12, 36 , and 48 h after pollination (HAP). The wild-type pollen tubes could penetrate through the styles at 4 HAP and extend to the bottom of the transmitting tract at 12 HAP, leading to fertilization of almost all the ovules. With comparison of the wild-type pollen tubes at 48 HAP (Figure 4a ), the bups2 mutant pollen tubes grew through the styles and transmitting tracts similar to wild-type pollen tubes at 48 HAP (Figure 4b ), whereas the bups1 pollen tubes even could not penetrate through the styles at 48 HAP and likely stopped further elongating before or just entering transmitting tracts (Figure 4c,d) . Only a few bups1 pollen tubes could grow into ovules to accomplish double fertilization. The double mutant (bups1-7 bups2-7) pollen tubes looked slightly more severe than the single mutants ( Figure 4e ). Compared with the wild-type pollen tubes carefully, most of the bups2 pollen tubes could grow relatively normally, but some of them exhibited coarsened and swollen patterns or displayed uneven thickness (Figure 4g,h ). In contrast, the majority of the bups1-6 and bups1-7 pollen tubes exhibited obviously altered growth patterns at the position before entering the transmitting tract (Figure 4i,j) . Only a few bups1 pollen tubes could grow into the embryo sac. All bups1-7 bups2-7 pollen tubes had a depolarized growth pattern in the transmitting tracts, some of which even grew into a bubble shape (Figure 4k ). Occasionally, branching of the bups1 pollen tubes in the transmitting tract could be observed. Taken together, the bups mutation did not affect pollen germination on stigmatic tissues but caused depolarization of pollen tubes in style-transmitting tract tissues.
The bups phenotypes can be complemented by the wild-type BUPS genes To confirm that defective pollen tube growth of the bups mutants was caused by the mutations in the BUPS genes, two constructs, pBUPS1::BUPS1-GFP and pBUPS2:: BUPS2-GFP, were generated and introduced into the bups1 and bups2 mutants to generate the transgenic plants in The siliques from the bups mutant plants, compared with wild-type siliques. The bups2 mutant siliques developed normally and had almost full seed set similar to wild-type. In contrast, the bups1 mutant siliques were much shorter and had drastically reduced seed set compared to wild-type siliques. (c) Quantitative comparison of seed set in the bups mutants and wild-type. Bars = 5 cm in (a); 2 mm in (b). the bups1 and bups2 backgrounds, respectively. The bups/ À; pBUPS::BUPS-GFP and control bups/À mutant lines were selected for further phenotypic characterization. All the selected bups/À; pBUPS::BUPS-GFP lines exhibited a normal seed set and pollen tube growth pattern in the transmitting tracts similar to wild-type, whereas the bups1/ À lines without pBUPS1::BUPS1-GFP constructs persisted to have depolarized tube growth and reduced seed set similar to the original bups1 plants ( Figure 5 and Tables S1  and S2 ). Furthermore, pollen tube-specific expression of BUPS1 in the bups1 mutants driven by the pollen and pollen tube-specific promoter LAT52 (Twell et al., 1989 (Twell et al., , 1990 Muschietti et al., 1994) could also complement the phenotypes of the bups1 mutants (Table S3) . Taken together, these results demonstrated that the defects of the bups1 mutants in pollen tube growth were caused by the mutations in the BUPS genes.
The BUPS proteins could form a complex with GEF1/12 and ROP1/3/5/9
To investigate the relationship of the BUPSs with Rho-ofplants (ROP) signalling, seven pollen-expressed plant-specific Rho guanine nucleotide exchange factor (RopGEF) genes and four pollen-expressed ROP genes were selected ( Figure S8 ). The Y2H assays showed that the kinase domains of BUPS1/2, BUPS1K (526-798 aa) and BUPS2K (525-797 aa), interacted with GEF1/12 (Figure 6a ), while the cytoplasmic domains, BUPS1C (462-878 aa) and BUPS2C (461-871 aa), only interacted with GEF12 ( Figure 6a ). The BiFC assays showed that full-length BUPS1/2 could interact with GEF1/12 in onion epidermal cells (Figure 6b ). The interaction signals were co-localized with the staining signals of membrane dye FM 4-64 ( Figure 6c ). Furthermore, the Y2H assays also showed that GEF1 could interact with ROP9, while GEF12 could interact with ROP1/3/5/9 (Figure S9 ). In the BiFC assays, both GEF1 and GEF12 interacted with ROP1/3/5/9 ( Figure S10 ).
The Y2H assays also showed that the kinase domains of BUPS1/2Ks could interact with the phosphorylation domain of GEF1/12 (GEF-AP), while ROP1/3/5/9 could associate with the PRONE domain of GEF1/12 (GEF-CA) (Figure S11) . The binding ability between GEF12-AP and BUPS1/2K was stronger than that between GEF1-AP and BUPS1/2K ( Figure S11 ). In the yeast three-hybrid (Y3H) assays, BUPS1/2Ks, GEF1/12 and ROP1/3/5/9 exhibited a three-part interaction, indicating that they might be able to form a BUPS-GEF-ROP complex (Figure 7 ).
BUPS1 could form homomers or heteromers with BUPS2 in yeast cells
The Y2H assays were performed for the interaction between BUPS1 and BUPS2 proteins. The results showed that:
(1) the extracellular domains (ECDs) of BUPS1 and BUPS2 did not interact with each other or with itself in yeast (Figure S12) ; (2) the kinase domains (BUPS1K and BUPS2K) of BUPS1 and BUPS2 could interact with each other or with itself ( Figure 8a) ; (3) the cytoplasmic domain (BUPS2C) of BUPS2 could only interact with BUPS1C but not with BUPS2C ( Figure 8b) ; (4) the cytoplasmic domain of BUPS1 (BUPS1C) could interact with both BUPS2C and BUPS1C (Figure 8b ).
Then, the BiFC assays further showed that the full length of BUPS2 could interact with BUPS1C and BUPS1K but not with BUPS2C (Figure 8c ), while the full length of BUPS1 could interact with BUPS1C, BUPS1K, BUPS2C and BUPS2K (Figure 8c ). Moreover, all of the interactive signals between the BUPS domains overlapped with the staining signals of the membrane dye FM 4-64 (Figure 8d ). These results showed that the full-length BUPS2 protein could interact with BUPS1C and BUPS1K but not with BUPS2C, while the full-length BUPS1 protein could interact with BUPS1C, BUPS1K, BUPS2C and BUPS2K, indicating that BUPS1 could form a homomer or heteromer with BUPS2.
DISCUSSION
The BUPS1 RLK Is required for normal tip growth of pollen tubes in the pistil Several RLKs have been identified as mediating signalling between the pollen tube and the pistil tissues (EscobarRestrepo et al., 2007; Dresselhaus and Sprunck, 2012; Chang et al., 2013; Drsselhaus and Franklin-Tong, 2013; Higashiyama and Takeuchi, 2015; Galindo-Trigo et al., 2016; Li and Yang, 2016; Wang et al., 2016; Higashiyama and Yang, 2017) , including the CrRLK1L proteins ANX1, ANX2 and FER in Arabidopsis, and Ruptured Pollen tube (RUPO) in rice (Escobar-Restrepo et al., 2007; Boisson-Dernier et al., 2009; Miyazaki et al., 2009; Zou et al., 2011; Liu et al., 2016) . Arabidopsis ANXs are required for the integrity of pollen tubes before they enter the embryo sac (Boisson-Dernier et al., 2009; Miyazaki et al., 2009) . BUPS1 and BUPS2 also belong to the CrRLK1L subfamily and share amino acid sequence similarities with ANXs (Lindner et al., 2012; Kessler et al., 2015) . The anx1 anx2 double mutant pollen tubes exhibited phenotypes of precocious pollen tube rupture in both in vitro and in vivo (Lindner et al., 2012) , indicating that the roles of ANXs in the maintenance of pollen tube integrity may not depend on the factors from the pistil. The bups1 mutants did not have an obvious phenotype in the in vitro culture, although they had a strong phenotype in vivo, implying that this gene may have a function different from those of ANXs. Both BUPS1 and BUPS2 are expressed in pollen tubes at higher levels. Mutations in BUPS2 did not have a significant phenotype with regards to pollen tube growth in vitro and in vivo. However, mutations in BUPS1 caused drastic defects in the polarized growth of pollen tubes. The stronger allele bups1-7 almost completely lost its male gametophytic function, leading to failure of fertilization. The genetic analysis showed that the bups1-6 bups2-6 double mutation only slightly enhanced defects in male gametophytic function. Taken together, the results indicate that BUPS1 may play much more important roles in pollen tube growth than BUPS2 in the pistil.
BUPSs may be related to the ROP-regulated pollen tube growth
The spatial distribution of RopGEF activity has been proposed to participate in the restriction of ROP activity at the tube tip to maintain oscillatory tip growth . RopGEFs are positive regulators of ROPs that activate ROPs by promoting the conversion of Rho GTPases from their GDP-bound inactive form to GTP-bound active form (Yang, 2002; Chang et al., 2013) . The receptor-like protein kinase AtPRK2 acts as a positive regulator to activate RopGEF1 by phosphorylation in the regulation of pollen tube growth (Chang et al., 2013) . In this study, we identified two other receptor-like protein kinases, BUPS1 and BUPS2, that interacted with pollen and pollenexpressed RopGEF1 and RopGEF12 as demonstrated by Y2H and BiFC assays. The Y2H assays showed that the kinase domains of BUPS1/2 could interact with RopGEF1/12 (Figure 5c yeast cells. Furthermore, the BiFC assays showed that fulllength BUPS1/2 could interact with RopGEF1/12 in onion epidermal cells (Figure 5d ). These results implied that BUPS1 might be able to interact with RopGEF1/2 through its kinase domain, and the interactive position of BUPS1 with RopGEF1/12 was related to the cell plasma membrane, consistent with the subcellular location of BUPS1 protein, as demonstrated by the BUPS1-GFP fusion protein assays. In addition, the BiFC assays showed that both Rop-GEF1 and RopGEF12 could interact with ROP1/3/5/9. Moreover, the Y3H assays showed that the BUPS1/2Ks, RopGEF1/12 and ROP1/3/5/9 exhibited a three-partner interaction. Further Y2H assays showed that the kinase domains of BUPS1/2 (BUPS1/2Ks) could interact with the phosphorylation domain of RopGEF1/12 (GEF-AP), while ROP1/3/5/9 could associate with the PRONE domain of RopGEF1/12 (GEF-CA). All these results implied that the BUPS proteins might be able to interact with RopGEF1/12 through their kinase domain, while the RopGEFs might be able to interact with the ROP through their PRONE domain, forming a BUPS-GEF-ROP complex. Genetic analyses showed that the mutations in BUPS1 caused depolarization of pollen tubes in the pistil (in vivo), similar to the data obtained by overexpression of AtPRK2, RopGEFs or ROPs (Chang et al., 2013) . These results suggested that BUPS1 might function as a negative regulator of RopGEF activity. This also raises another interesting question: does the interaction of BUPSs with the RopGEFs lead to phosphorylation of the RopGEFs? These questions remain to be answered by further studies.
The pollen tube tip growth in vitro is unlikely to depend on the BUPSs, as demonstrated by the fact that the bups1 mutant pollen tubes could grow almost normally similar to wild-type pollen tubes in the in vitro culture conditions. The mechanism is unknown. There could be a possibility that the ANX functions and/or the related functions from other pathways are enough to maintain the integrity and polar growth mediated by PRKs under in vitro culture conditions, which does not require the function of BUPSs for guaranteeing pollen tube tip growth in vitro (absence of pistil factors). On the other hand, when the pollen tube grows in the pistil, the pistil-derived factors may interact with the PRKs, further activate RopGEF, and subsequently increase the ROP activity to enhance pollen tube growth. The increased RopGEF activity may lead to a wide/broad range distribution of active ROPs, as demonstrated by overexpression of PRK, RopGEF and ROPs (Chang et al., 2013) . As such, it may need an extra mechanism to co-ordinately restrict the distribution of active ROPs in the growing region to maintain the faster polar growth of pollen tubes in the pistils. BUPSs, or at least BUPS1, might be related to this process based on two pieces of evidence available. One is that pollen tubes grow much faster in the pistil than in culture media (Chae and Lord, 2011) . The other is that the bups1 pollen tubes grew relatively normal on culture media (in vitro), similar to wild-type, but exhibited drastic depolarization in the pistil (in vivo), implying that BUPS1 may function in the control of depolarization, possibly by restricting the distribution of active ROPs in the growing region of the pollen tube through an interaction with the RopGEFs. Nevertheless, further in vivo evidences are required to explain whether the functions of BUPS1 is related to the ROP-regulated pollen tube growth in the pistil.
When this manuscript was being reviewed, Ge et al. (2017) reported that BUPS1 and BUPS2 were involved in pollen tube rupture and sperm release, as demonstrated using the different bups alleles. BUPS1 and BUPS2 interacted with ANX1 and ANX2 (Ge et al., 2017) . Both sets of receptors could bind to the pollen tube-derived peptide ligands RALF14 and RALF19 in competition with femalederived RALF34 (Ge et al., 2017) . The results also suggest that the BUPS proteins are important for normal growth of pollen tubes in the pistil.
The alleles from bups1-1 to bups1-5 exhibited severe rupture of the pollen tubes in both in vitro and in vivo conditions (Ge et al., 2017) . The alleles bups1-6 and bups1-7 generated in this study did not show any obvious defect in pollen tube growth in vitro but had a drastically swollen growth pattern of pollen tubes, instead of rupture of pollen tubes, in the transmitting tracts. In the alleles from bups1-1 to bups1-5, the mutations led to generation of the truncated BUPS proteins that contained the extracellular domain and transmembrane domain (Ge et al., 2017) . In contrast, in the alleles bups1-6 and bups1-7, the mutations resulted in the truncated BUPS proteins that contained only less than 20 aa of the extracellular domain (bups1-7) or even contained only the signal peptide sequence (bups1-6). This raises an interesting question whether the phenotypic differences in different types of bups1 alleles result from the variation in the mutation sites. Further studies are required to answer the question. 
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The background of Arabidopsis thaliana plants used in this study was Columbia (Col). The gef1 gef12 gef14 triple mutant was kindly provided by Dr. Fang Chang (Fudan University, Shanghai, China) (Chang et al., 2013) . The seeds were germinated, and the plants were grown under a 16 h/8 h day/night cycle at 22°C as previously described (Xia et al., 2010 (Xia et al., , 2014 Liu et al., 2011) .
Real-time PCR assay
The RNA samples were extracted from different tissues of Arabidopsis plants using a total RNA extraction kit (TIANGEN, Beijing, China). The cDNA templates were prepared using the SuperScript II kit (Invitrogen, http://www.invitrogen.com). All real-time PCR assays were performed using an ABI 7500 realtime system and the Power SYBR Green PCR Master Mix (Applied Biosystems, http://www.appliedbiosystems.com). The sequences of the primers BUPS1RT-F, BUPS1RT-R, BUPS2RT-F, BUPS2RT-R, ACTIN2/8-F and ACTIN2/8-R are listed in Table S4 . The PCR program was set as 95°C for 10 min, with 40 cycles of 95°C for 30 sec and 60°C for 1 min. The ACTIN2/8 (At3g18780) RNA levels were used to normalize the RNA input. The comparative C t (threshold cycle) method was applied to calculate relative mRNA levels as previously described (Xia et al., 2014) .
Promoter activity assay
The 1247 bp BUPS1 and 1300 bp BUPS2 promoter fragments were amplified using the primer pairs PstI-PBUPS1/PBUPS1-BamHI and PstI-PBUPS2/PBUPS2-BamHI (Table S4) from Col genomic DNAs, respectively. The resulting fragments were then inserted into the modified pCAMBIA1300 vector (CAMBIA, http:// www.cambia.org/) to generate the constructs pBUPS1::GUS and pBUPS2::GUS, respectively. After verification by sequencing, the resulting constructs were introduced into Col plants using the Agrobacterium-mediated infiltration method (Clough and Bent, 1998) . GUS staining was performed as described previously (Yang et al., 1999) .
Subcellular localization of the BUPS proteins
The 2634 bp BUPS1 and 2613 bp BUPS2 cDNA fragments were amplified using the primer pairs listed in Table S4 . After verification by sequencing, the resulting fragments were cloned into the modified pCAMBIA1300 vector to generate the expression cassettes of BUPS1-GFP and BUPS2-GFP driven by their respective native promoters (see above). The resulting constructs pBUPS1::BUPS1-GFP and pBUPS2::BUPS2-GFP were then introduced into Col plants using the Agrobacterium-mediated infiltration method (Clough and Bent, 1998) . The transient transformation of onion epidermal cells was performed using the biolistic PDS-1000/He gene gun system (Bio-Rad, http:// www.biorad.com/). The GFP signals in the onion cells were detected after culturing for 16-24 h. All GFP signals were detected using a Zeiss confocal microscope (LSM710 Meta; Zeiss, http://www.zeiss.com). Fluorescence intensities were measured using ImageJ software (National Institutes of Health, http://imagej.net/Welcome).
Spinning-disk confocal microscopy
A spinning-disk confocal microscope (Plateforme d'Imagerie Dynamique, Institut Pasteur, Paris, France) was used to observe living pollen tubes expressing BUPS1-GFP and BUPS2-GFP as described by Wang et al. (2011) and Kang et al. (2017) . The images were acquired using iQ software (Andor Technology, http://www.andor.com). The GFP was excited using 488 nm argon lasers, and emission data were collected through 525-65.5 nm filters. Time series were acquired at a frame rate of 1-20 frames sec À1 .
Generation of the bups mutants
All bups mutants used in this study were generated using the modified CRISPR/Cas9 genome editing system (Wang et al., 2015) . Three targeting constructs were made for targeting the sequences at 127-149 bp and 551-573 bp of BUPS2, at 48-70 bp and 117-139 bp of BUPS1, and at both 163-185 bp of BUPS2 and 60-82 bp of BUPS1. The primers used for this assay are listed in Table S4 . pCBC-DT1T2 was used as the template plasmid. The target sequences were cloned into the template plasmids and then inserted into vector pHEC401 as described by Wang et al. (2015) . All resulting mutations were screened and verified by sequencing.
Genetic analysis
The genetic analyses were performed as described previously (Jiang et al., 2005) .
Assays for pollen development and in vitro germination
An Alexander staining assay was applied to determine pollen viability as described by Liu et al. (2011) . DAPI staining was performed to visualize the nuclei in pollen grains as described by Zhou et al. (2013) . The in vitro germination assay was performed as described by Zhou et al. (2013) . Semi-in vivo germination was performed as described by Hao et al. (2016) .
The assay for in vivo growth of pollen tubes
The mature wild-type and bups pollen grains were pollinated to the emasculated wild-type pistils. At different HAP, the pollinated siliques were collected and fixed in the fixing solution (ethanol: acetic acid 3:1) for 2 h. Then, the siliques were softened in 8 M NaOH overnight. Staining of the siliques with aniline blue to reveal the pollen tubes in the siliques was as previously described (Jiang et al., 2005; Xia et al., 2010; Liang et al., 2013) . The pollen tubes were examined using a Leica fluorescence microscope (Leitz DM2500, Leica, Germany).
Mutant complementation experiments
Four constructs were generated for the bups mutant complementation. For the bups2 mutants, the 2613 bp coding region genomic DNA and 1300 bp promoter of BUPS2 were amplified by PCR using the primers listed in Table S4 . These two fragments were then inserted into the Ti-derived pCAMBIA1300 vector (CAMBIA, http://www.cambia.org) to generate the construct pBUPS2:: BUPS2-GFP. For the bups1 mutant, the 2634 bp coding region genomic DNA and 1247 bp promoter of BUPS1 were amplified by PCR using the primers listed in Table S4 to generate the construct pBUPS1::BUPS1-GFP. Meanwhile, the 2634 bp and 2613 bp coding region genomic DNA fragments of BUPS1 and BUPS2 and the LAT52 promoter fragment were amplified by PCR using the primers listed in Table S4 . The resulting fragments were then inserted into the modified pCAMBIA1300 vector (CAMBIA, http:// www.cambia.org) to generate the corresponding constructs pLAT52::BUPS1-GFP and pLAT52::BUPS2-GFP. The resulting constructs were first introduced into wild-type Col plants. The constructs in the resulting transgenic wild-type plants were introduced into the corresponding bups1 and bups2 mutants by genetic crosses. The double homozygous plants for the bups mutants and transgenic BUPS genes were generated by self-pollination and selected for further phenotypic and genetic characterization.
Yeast two-hybrid (Y2H) assays
The DNA fragments used for the assays were amplified by PCR using the primer pairs listed in Table S4 . The resulting fragments were cloned into the assay vector pairs pGADT7 (AD) and pGBKT7 (BD) (Clontech, www.clontech.com), as described previously . The resulting construct pairs were co-transformed into the yeast strain AH109. The transformed cells were grown on SD/ÀLeuÀTrp plates for 3 days at 30°C. Growing colonies on SD/À LeuÀTrp plates were further examined on SD/ÀTrpÀLeuÀHisÀAde plates for 3 to 7 days to identify the interaction as revealed by the surviving colonies.
Yeast three-hybrid (Y3H) assays
The DNA fragments used for the assays were amplified by PCR using the primer pairs listed in Table S4 . The resulting fragments were cloned into the vector pairs Pdagt7 (AD) and pBridge (pB) (Clontech, http://www.clontech.com). The resulting construct pairs were co-transformed into yeast strain AH109. The Y3H assays were performed as described previously (Maruta et al., 2016) . The transformed cells were grown on SD/ÀLeuÀTrp plates for 3 days at 30°C. Growing colonies on SD/ÀLeuÀTrp plates were further examined on SD/ÀTrpÀLeuÀHisÀAde, SD/ÀMetÀTrpÀLeu and SD/ÀMetÀTrpÀLeuÀHis plates for 3 to 7 days to identify the interaction as revealed by the surviving colonies.
Bimolecular fluorescence complementation (BiFC) assays
The BiFC assays were performed as described previously (Xia et al., 2014) . The coding sequences of the genes tested were cloned and inserted into the vectors pSPYNE-35S and pSPYCE-35S, respectively. Transient transformation of onion epidermal cells was performed with the biolistic PDS-1000/He gene gun system (Bio-Rad, http://www.biorad.com). After culturing for 16-24 h, the fluorescent signals were detected under a Leica confocal laser scanning microscope (LSM710, Carl Zeiss, http://www.zeiss.com) as described by Walter et al. (2004) and Dou et al. (2016) .
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